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I . INTRODUCTION
A, f u s i o n r e a c t o r o p e r a t i n g on t h e deuterium-tritium f u e l c y c l e w i l l r e q u i r e a t r i t i u m -b r e e d i n g b l a n k e t . Since f u s i o n r e a c t o r s a r e a n t i c i p a t e d t o o p e r a t e a t high s p e c i f i c power, e . g . , Q 500 MW( t h ) p e r kg of . t r i t i u m , ( 1 ) n a t r i t i u m -b r e e d i n g r a t i o only s l i g h t l y g r e a t e r t h a n u n i t y ( t h a t i s , Q 1 . 0 0 3 ) w i l l y i e l d a doubling time of Q t e n y e a r s . (')' I n g e n e r a l , c a l c u l a t e d t r i t i u m -b r e e d i n g r a t i o s f o r a l t e r n a t e b l a n k e t models f a l l i n t h e range
t o 1 . 5 . ( 2 y 3 ) Although t h e s e r e s u l t s suggest t h a t adequate t r i t i u m breeding can be achieved i n a v a r i e t y of b l a n k e t c o n f i g u r a t i o n s , it i s necessary t o i n v e s t i g a t e t h e s e n s i t i v i t y o f t h e t r i t i u m -b r e e d i n g c a l c u l at i o n s t o u n c e r t a i n t i e s i n t h e c r o s s -s e c t i o n d a t a . W e have i n i t i a t e d such an i n v e s t i g a t i o n a s p a r t of t h e f u s i o n r e a c t o r technology s t u d i e s at ORIVL.

The o b j e c t i v e s o f t h i s e f f o r t a r e t o i d e n t i f y c r o s s -s e c t i o n u n c e r t a i n t i e s which e i t h e r c a s t doubt on t h e tritium b r e e d i n g p o t e n t i a l of a b l a n k e t model, t h a t i s , d r i v e t h e c a l c u l a t e d t r i t i u m -b r e e d i n g -r a t i o below u n i t y ,
I
o r m a n i f e s t s i g n i f i c a n t u n c e r t a i n t i e s , t h a t is;% 5 % , i n t h e breeding r a t i o .
The i d e n t i f i c a t i o n of such c r o s s -s e c t i o n u n c e r t a i n t i e s w i l l be used t o e s t a b l i s h p r i o r i t i e s with r e g a r d t o n u c l e a r d a t a needs f o r t h e C o n t r o l l e d
Thermonuclear Research ( CTR ) Program.
. . 
n
The t r i t i u m -b r e e d i n g r a t i o i s d e f i n e d a s t h e number of t r i t o n s produced i n t h e b l a n k e t p e r f u s i o n neutron, o r e q u i v a l e n t l y , p e r deuterium-tritium f u s i o n r e a c t i o n .
T h i s p a p e r , which i s t h e f i r s t of a s e r i e s examining t h e crosss e c t i o n s e n s i t i v i t y of t r i t i u m -b r e e d i n g c a l c u l a t i o n s , c o n s i d e r s a b l a n k e t
model e x h i b i t i n g t h e f o l l o w i n g t r i t i u m -b r e e d i n g and n e u t r o n i c c h a r a c t e ri s t i c s :
(1) l i q u i d l i t h i u m o f n a t u r a l i s o t o p i c abundance i s used f o r b r e e d i n g ; ( 2 ) t h e t r i t i u m -b r e e d i n g r a t i o i s i n t h e "high" range, % 1 . 5 ; ( 3 ) g r a p h i t e i s employed f o r n e u t r o n moderation; and ( 4 ) t h e neutron l e a k a g e from t h e b l a n k e t .is r e l a t i v e l y low, 4% o f t h e source n e u t r o n s .
These c h a r a c t e r i s t i c s a r e s i m i l a r t o t h o s e of s e v e r a l b l a n k e t models under c u r r e n t i n v e s t i g a t i o n , ( 4, and t h e r e f o r e , t h e c r o s s -s e c t i o n s e n s i t i v i t y e x h i b i t e d by t h e b l a n k e t model of t h i s paper i s r e p r e s e n t a t i v e of a l a r g e c l a s s o f b l a n k e t models. The c r o s s -s e c t i o n s e n s i t i v i t y of t r i t i u mb r e e d i n g c a l c u l a t i o n s i n o t h e r c l a s s e s of b l a n k e t t models w i l l be examined, i n subsequent p a p e r s .
Version 3 o f ENDF/B(5) (ENDF/B-3) i s used as t h e r e f e r e n c e f o r c r o s ss e c t ' i o n d a t a . I n t h i s ' p a p e r we examine t h e e f f e c t s of u n c e r t a i n t i e s i n t h e c r o s s s e c t i o n s of 6 L i , 7~i , and 9 3~b . ' These e f f e c t s a r e e v a l u a t e d by a l t e r i n g t h e r e f e r e n c e d a t a s e t s i n p a t t e r n s based on our e s t i m a t e s of t h e c r o s s -s e c t i o n u n c e r t a i n t i e s . '
IT. BLANKET MODEL AND CALCULATIONAL PROCEDURE
The b l a n k e t model adopted i n t h i s s t u d y i s t h e bench-mark c o n f i g u r a t i o n s p e c i f i e d a t t h e ,Neutronics S e s s i o n o f t h e . I n t e r n a t i o n a 1 Working S e s s i o n s
on Fusion Reactor Technology ( h e l d a t OKNL., June 19'11). The d e t a i l s o or example, b l a n k e t models u s i n g e i t h e r l i q u i d l i t h i u m e n r i c h e d i n l i t h i u m -6 o r a l i t h i u m -b e a r i n g molten s a l t .
of t h e model a r e shown i n Fig. 1 . The n u c l i d e number d e n s i t i e s f o r each m a t e r i a l of t h e b l a n k e t a r e g i v e n i n Table 1 . The ENDF/B-3 m a t e r i a l i d e n t i f i c a t i o n numbers f o r t h e n u c l i d e s of i n t e r e s t a r e given i n Table 2 .
The n e u t r o n i c s c a l c u l a t i o n s f o r t h i s s t u d y were c a r r i e d o u t w i t h t h e d i s c r e t e o r d i n a t e s t r a n s p o r t t h e o r y c o d e XSDRN'~) u s i n g an S P approx- throughout t h e "plasma" r e g i o n of t h e b l a n k e t model.
The c r o s s -s e c t i o n p r o c e s s i n g code XLACS'~) was used t o p r o c e s s t h e ENDF/B-3 d a t a i n t o a broad group energy s t r u c t u r e c o n s i s t i n g o f onehundred groups w i t h t h e t o p ninety-nine groups i n t h e GAM-11") e n e r g y group s t r u c t u r e and one thermal group ( a Maxwellian d i s t r i b u t i o n a t 300 K was assumed f o r t h e thermal group). Resonance s e l f -s h i e l d i n g of t h e nipbium c a p t u r e c r o s s s e c t i o n w a s computed by t h e method of Hordheim (10)
as programmed i n t h e XSDRN code. Table 3 summarizes t h e neutron balance and t r i t i u m breeding by region o f t h e b l a n k e t model f o r t h e r e f e r e n c e d a t a s e t s , i . e . , t h e unmodified c r o s s s e c t i o n s e t s . The v a l u e s i n t h i s t a b l e a r e normalized t o a source of one f u s i o n neutron. The " P a r a s i t i c Absorptions" a r e non-breeding 6 a b s o r p t i o n s , "T6" i s t h e t r i t i u m -b r e e d i n g r a t i o due t o t h e L i ( n , a ) t r e a c t i o n , "T " i s t h e t r i t i u m -b r e e d i n g r a t i o due t o t h e 7~i ( n , n 1 a ) t 7 ** r e a c t i o n , a n d "T" i s t h e sum of T6 and T W e n o t e t h e f o l l o w i n g p o i n t s 7 w i t h r e g a r d t o t h e r e s u l t s of Table 3 :
**
Note t h a t t h i s r e a c t i o n does not r e s u l t i n a neutron l o s s ; t h e i n e l a s t i c a l l ys c a t t e r e d neutron i s a v a i l a b l e f o r a d d i t i o n a l r e a c t i o n s (even a d d i t i o n a l 7~i ( n ,n ' a ) t r e a c t i o n s ) .
1.
Approximately 76% o f t h e ( n , 2 n ) e v e n t s occur i n niobium.
2 . I n t h i s b l a n k e t model t h e major p a r a s i t i c a b s o r b e r i s niobium.
Approximately 88% o f t h e p a r a s i t i c a b s o r p t i o n s r e s u l t from c a p t u r e i n niobium a n d over 90% of . t h e s e c a p t u r e e v e n t s occur i n t h e resonance r e g i o n of niobium.
3. I f resonance s e l f -s h i e l d i n g of t h e n i o b i w c a p t u r e c r o s s s e c t i o n i s n e g l e c t e d , t h e number of p a r a s i t i c a b s o r p t i o n s i n c r c a 3 e~ by % 16% and T d e c r e a s e s by 4%.
6
From t h e n e u t r o n i c s d e t a i l s of t h e r e f e r e n c e c a s e we conclude t h a t t h e most s i g n i f i c a n t c r o s s s e c t i o n s f o r t h i s s t u d y a r e t h o s e f o r t h e 6 ' 7 L i ( n , a ) t r e a c t i o n , t h e L i ( n , n l a ) t r e a c t i o n , t h e 9 3~b ( n , 2 n ) r e a c t i o n , and t h e 9 3~b ( n , n 1 ) r e a c t i o n . The 9 3~b ( n , y ) r e a c t i o n i s a l s o important b u t w i l l be considered i n a subsequent s t u d y .
I . RESULTS OF TEE SENSITIVITY CALCULATIONS
The s e n s i t i v i t y of t h e c a l c u l a t e d t r i t i u m -b r e e d i n g r a t i o t o u n c e r t a i n t i e s i n c r o s s s e c t i o n s o f 'Li, 7ii, and 9 3~b was examined by varying t h e r e f e r e n c e d a t a s e t s f o r t h e s e n u c l i d e s . The techniques employed t o e f f e c t h e r e . S i n c e t h e ENDFIB-3 compilations do n o t c u r r e n t l y c o n t a i n e v a l u a t i o n s of t h e u n c e r t a i n t i e s i n t h e d a t a f i l e s , t h e assignment of v a . r i a t i o n s t o t h e r e f e r e n c e d a t a s e t s i s s u b j e c t i v e . I n a s s i g n i n g c r o s s -s e c t i o n v a r i a t i o n s f o r t h i s s t u d y , we attempted t o r e f l e c t c o n s e r v a t i v e e s t i m a t e s o f t h e u n c e r t a i n t i e s i n t h e ENDFIB-3 d a t a .
The L i ( n , a ) t c r o s s s e c t i o n (1) i n c r e a s e s from 2, 0.02 b a r n s t o 2, 0.2 barns i n t h e energy range 1 5 MeV t o 2 MeV ( t h e upper l i m i t o f t h e top-energy group i n t h e GAM-11 s t r u c t u r e i s 2, 1 5 M~v ) ,
( 2 ) e x h i b i t s a resonance a t 2, 0:25 MeV, and ( 3 ) at lower e n e r g i e s (below 2, 0 . O 1 M~V ) v a r i e s i n v e r s e l y w i t h neutron v e l o c i t y a t t a i n i n g a v a l u e of 2, 940 barns a t a v e l o c i t y o f 2200 m/sec. For t h e r e f e r e n c e c a s e , 2, 1% o f t h e '~i ( n , a ) t r e a c t i o n s occur i n t h e energy range 1 5 MeV t o 2 M~V , 2. 57% o f t h e r e a c t i o n s occur i n t h e energy range 2 MeV t o 0 . 0 1 MeV, and 2, 42% of .
6
t h e r e a c t i o n s occur below 0 . 0 1 MeV. The L i ( n , a ) t r e a c t i o n competes w i t h t h e p a r a s i t i c a b s o r p t i o n r e a c t i o n s , t h e most important of which i s t h e niobium c a p t u r e r e a c t i o n .
Two p a t t e r n s of v a r i a t i o n were adopted f o r t h e L i ( n , a ) t c r o s s s e c t i o n s .
I n one p a t t e r n s , d e s i g n a t e d t h e "low-pattern," t h e r e f e r e n c e s e t was lowered 10% i n t h e range 1 5 MeV t o 2 MeV, 5% i n t h e range 2 MeV to.O.01 MeV, and 3% f o r a l l e n e r g i e s below 0 . 0 1 MeV. I n t h e "high-pattern" t h e r e f e r e n c e s e t was r a i s e d by t h e same percentages i n t h e corresponding energy r a n g e s .
I n both p a t t e r n s of v a r i a t i o n t h e t o t a l c r o s s s e c t i o n o f Li was a d j u s t e d by t h e amount of t h e v a r i a t i o n s i n t h e ( n , a ) t c r o s s s e c t i o n .
6
The e f f e c t s of t h e v a r i a t i o n s i n ' t h e ~i ( n , a ) t c r o s s s e c t i o n s ' a r e summarized 'in Tables 4, 5 , and 6. Table 4 g i v e s (1) t h e t r i t i u m -b r e e d i n g r a t i o s , T~, T~, and T; ( 2 ) t h e f r a c t i o n a l change i n T r e l a t i v e t o t h e v a l u e f o r t h e r e f e r e n c e c a s e ; ( 3 ) t h e components .of t h e neutron balance ( i n c l u d i n g t h e number of absorptions' i n niobium); and ( 4 ) t h e number of scatte;ing e v e n t s i n t h e &6aphite r e g i o n . Table 5 g i v e s T~ a i d t h e f r a c t i o n a l change i n T ( r e l a t i v e t o t h e r e f e r e n c e v a l u e ) f o r t h e energy 6 r a n g e s d e f i n e d i n t h e p a t t e r n s of v a r i a t i o n . Table 6 
g i v e s t h e t r i t i u mb r e e d i n g r a t i o s by r e g i o n .
W e n o t e t h e f o l l o w i n g p o i n t s w i t h r e g a r d t o t h e r e s u l t s i n Table 4: 1. The t r i t i u m -b r e e d i n g r a t i o , T, i s r e l a t i v e l y i n s e n s i t i v e t o t h e b v a r i a t i o n s i n t h e L i ( n , a ) t c r o s s s e c t i o n . These v a r i a t i o n s produced a change o f Q . 0 , 5 % i n t h e c a l c u l a t e d breeding r a t i o s (rel.at,ive t o t h e va.111~
f o r t h e r e f e r e n c e c a s e ) . The observed change w a s i n t h e same d
i r e c t i o n as t h e c r o s s -s e c t i o n changes, t h a t i s , t h e t r i t i u m -b r e e d i n g r a t i o i n c r e a s e d f o r t h e h i g h -p a t t e r n v a r i a t i o n and decreased f o r t h e low-pattern v a r i a t i o n .
2 . The changes i n T r e f l e c t changes i n T6; T remains e s s e n t i a l l y 7 u n a f f e c t e d . The changes i n T a r e accompanied by a Q 3% change i n t h e 6 . , number of niobium a b s o r p t i o n s and a % 2% change i n t h e neutron leakage.
W e n o t e t h e f o l l o w i n g p o i n t s w i t h r e g a r d t o t h e r e s u l t s i n Tables
5 and 6,
I n t h e energy range 1 5 MeV t o 2 MeV t h e f_ 10% changes i n t h e ti L i ( n , a ) t c r o s s s e c t i o n produced Q -+ 10% changes i n T T h i s d i r e c t
G ' p r o p o r t i o n a l i t y i s due t o t h e f a c t t h a t i n t h i s energy range t h e ' L i ( n , a ) t c r o s s s e c t i o n i s s m a l l , and t h e r e f o r e , t h e v a r i a t i o n s i n t h i s c r o s s s e c t i o n do n o t a p p r e c i a b l y a l t e r t h e neutron t r a n s p o r t and slowing down c h a r a c t e r i s t i c s of t h e l i t h i u m -b e a r i n g r e g i o n s of t h e b l a n k e t . Thus, t h e c a l c u l a t e d f l u x e s ape not s e n s l t I V e t o t h e c r o s s -s e c t i o n v a r i a t i o n s and t h e 6~i ( n , a ) t r e a c t i o n r a t e v a r i e s d i r e c t l y i n p r o p o r t i o n t o t h e change i n t h e r e a c t i o n c r o s s s e c t i o n .
2 . I n t h e energy range 2 MeV t o 0 . 0 1 MeV t h e -+ 5% changes i n t h e 6 L i ( n , a ) t c r o s s s e c t i o n produced 1 . -+ 3% , changes i n T~.
I n t h i s energy range t h e v a l u e of t h e c r o s s s e c t i o n i s such t h a t t h e imposed v a r i a t i o n s do a p p r e c i a b l y a l t e r t h e c a l c u l a t e d f l u x e s , t h a t i s , t h e n e u t r o n t r a n s p o r t and slowing down c h a r a c t e r i s t i c s a r e a p p r e c i a b l y a l t e r e d . S p e c i f i c a l l y ,
t h e c a l c u l a t e d f l u x e s a r e somewhat h i g h e r i n t h e low-pattern v a r i a t i o n t h a n i n t h e r e f e r e n c e case and a r e somewhat lower i n t h e h i g h -p a t t e r n v a r i a t i o n t h a n i n t h e r e f e r e n c e c a s e . These v a r i a t i o n s i n t h e c a l c u l a t e d f l u x e s t e n d t o compensate f o r t h e v a r i a t i o n s i n t h e c r o s s s e c t i o n .
I n t h e energy range below 0 . 0 1 MeV t h e low-pattern v a r i a t i o n e x h i b i t s an 'L 3% i n c r e a s e i n T w h i l e t h e h i g h -p a t t e r n e x h i b i t s an ' I , 3% 6 d e c r e a s e i n T6, t h a t i s , t h e v a r i a t i o n i n T6 i s i n a d i r e c t i o n o p p o s i t e t o t h e v a r i a t i o n i n t h e c r o s s s e c t i o n . This behavior i s due t o two e f f e c t s . One e f f e c t i s a s s o c i a t e d w i t h t h e a l t e r a t i o n s i n t h e neutron t r a n s p o r t and slowing down c h a r a c t e r i s t i c s of t h e l i t h i u m r e g i o n s o f t h e b l a n k e t and a f f e c t s t h e c a l c u l a t e d f l u x e s i n t h e same d i r e c t i o n s a s d e s c r i b e d above i n ( 2 ) . The second e f f e c t i s a s s o c i a t e d w i t h t h e s u p e r i o r neutronmoderating p r o p e r t i e s of g r a p h i t e r e l a t i v e t o l i t h i u m f o r n e u t r o n
e n e r g i e s below % 0.2 MeV. A t such e n e r g i e s neutrons which e n t e r t h e g r a p h i t e r e g i o n a r e very e f f e c t i v e l y degraded i n energy, and t h e r e f o r e ,
6-have a high p r o b a b i l i t y f o r a b s o r p t i o n i n L i once t h e y l e a v e t h e g r a p h i t e r e g i o n . Thus, most bf t h e neutrons which escape a b s o r p t i o n i n t h e energy
range 2 MeV -0 . 0 1 MeV a r e moderated i n t h e g r a p h i t e and a r e subsequently absorbed ( a t lower e n e r g i e s ) i n t h e r e g i o n s a d j a c e n t t o t h e g r a p h i t e , t h a t i s , r e g i o n s 8 and 10 ( s e e Table 6 ) . I n t h e low-pattern v a r i a t i o n relati,vel,y more neutrons r e a c h t h e g r a p h i t e r e g i o n t h a n i n t h e r e f e r e n c e . , . . .
. c a s e ; i n t h e high-pattern v a r i a t i o n r e l a t i v e l y fewer n e u t r o n s r e a c h t h e , . . g r a p h i t e r e g i o n t h a n i n t h e r e f e r e n c e c a s e . The g r a p h i t e moderating e f f e c t . i s evidenced not only by t h e r e s u l t s of Table 5 , b u t a l s o by t h e r e s u l t s o f Table 6 (compare T6 i n r e g i o n s 8 and 10 among t h e t h r e e c a s e s )
and o f T a b l e 4 (compare t h e number of e l a s t i c s c a t t e r i n g e v e n t s i n g r a p h i t e ) .
W e emphasize t h a t t h e r e l a t i v e i n s e n s i t i v i t y of T t o v a r i a t i o n s i n 6 6
t h e L i ( n , a ) t c r o s s s e c t i o n i s t o a l a r g e e x t e n t due t o t h e moderating c h a r a c t e r i s t i c s o f t h e g r a p h i t e r e g i o n .
B. s e n s i t i v i t y t o t h e ' L i ( n , n l a ) t Cross S e c t i o n 7
The L i ( n , n f a ) t c r o s s s e c t i o n (1) e x h i b i t s a t h r e s h o l d a t Q 3 MeV, ( 2 ) a t t a i n s a maximum v a l u e o f 2, 0.42 b a r n s a t 2, 8 MeV, and ( 3 ) d e c r e a s e s s l o w l y above t h i s energy o b t a i n i n g a value of 2, 0 . 3 1 barns a t 1 5 MeV.
For t h e r e f e r e n c e c a s e , Q 442 of t h e ' I~i ( n , n ' a ) t r e a c t i o n s occur i n t h e t o p energy group (which covers t h e energy range Q 1 5 MeV -1 3 . 5 M~V )
, . .
Q 77% o f t h e r e a c t i o n s occur above 10 MeV, and Q 99% occur above 5-MeV. 7 The L i ( n , n l a ) t r e a c t i o n competes w i t h o t h e r neutron down-scattering r e a c t i o n s , e . g. , e l a s t i c s c a t t e r i n g , i n e i a s t i c s c a t t e r i n g and ( n ,2n) ' , ' 7 r e a c t i o n s , The L i ( n , n 1 a ) t r e a c t i o n r a t e depends n o t only on t h e v a l u e of t h e r e a c t i o n c r o s s s e c t i o n b u t a l s o on t h e energy d i s t r i b u t i o n of t h e . .
secondary n e u t r o n s produced i n t h e r e a c t i o n s i n c e some o f t h e s e neutrons w i l l have s u f f i c i e n t energy t o undergo 'Li(n , n t a) t r e a c t i o n s . I n t h i s s e c t i o n we examine t h e e f f e c t s of v a r i a t i o n s i n both t h e c r o s s s e c t i o n and t h e . secondary-neutron energy d i s t r i b u t i o n of t h e 'Li(n,nl a ) t r e a c t i o n .
The Cross S e c t i o n
The r e f e r e n c e v a l u e s f o r t h e 7~i ( n , n 1 ' a ) t c r o s s s e c t i o n were v a r i e d . . ' 
v a r i a t i o n t h e t o t a l c r o s s s e c t i o n of Li w a s a d j u s t e d by t h e amount o f
. .. . ., t h e changes i n t h e ( n , n l a ) t c r o s s s e c t i o n . The e f f e c t s of ' t h e . v a r i a t i o n s i n t h e 7~i ( n , n 1 a ) t c r o s s s e c t i o n s a r e summarized i n Tables 7 and 8; W e n o t e t h e f o l l o w i n g p o i n t s w i t h r e g a r d t o t h e r e s u l t s i n t h e s e t a b l e s : changes i n T a r e accompanied by an Q 4% change i n t h e number o f ( n , 2 n ) r e a c t i o n s , an Q 9% change i n t h e neutron l e a k a g e , and an Q 1% change i n t h e number of p a r a s i t i c a b s o r p t i o n s .
3 . The i n f l u e n c e of moderating e f f e c t s i n t h e g r a p h i t e r e g i o n a r e a l s o observed i n t h i s case.
The Secondary-Neutron Energy D i s t r i b u t i o n I n ENDFIB-3 t h e energy d i s t r i b u t i o n of t h e secondary neutrons produced by t h e 7~i ( n , n ' a ) t r e a c t i o n i s d e s c r i b e d by an evaporation model w i t h an energy-dependent "nuclear temperature", o ( E ) , where E i s t h e energy o f t h e i n c i d e n t n e u t r o n . To examine t h e e f f e c t s o f u n c e r t a i n t i e s i n t h e secondary-neutron energy d i s t r i b u t i o n , t h e r e f e r e n c e O(E) values 7 f o r t h e ~i ( n , n t a ) t r e a c t i o n were v a r i e d by -+ 50% over t h e e n t i r e energy range o f i n t e r e s t . The r e d u c t i o n i n O ( E ) y i e l d s a " s o f t e r " secondary spectrum than does t h e r e f e r e n c e O ( E ) v a l u e and t h e i n c r e a s e i n O ( E ) .
y i e l d s a "harder" secondary spectrum t h a n does , t h e r e f e r e n c e O ( E ) value.
The e x t e n t t o which t h e changes i n O ( E ) modif'y t h e secondary s p e c t r a i s i l l u s t r a t e d i n Table 9 which g i v e s ' t h e p r o b a b i l i t y t h a t t h e secondary n e u t r o n from t h e 7~i ( n , n t u ) t r e a c t i o n w i l l have an energy g r e a t e r t h a n 5 MeV. ( p r o b a b i l i t i e s a r e g i v e n f o r i n c i d e n t e n e r g i e s o f 1 4 MeV and 1 2 M~v ) .
The e f f e c t s o f t h e v a r i a t i o n s i n t h e secondary-neutron energy d i s t r i b u t i o n s o f t h e '~i ( n ,n a ) t r e a c t i o n a r e summarized i n Table 10 .
We.note t h e f o l l o w i n g p o i n t s , w i t h r e g a r d t o t h e r e s u l t s i n t h i s t a b l e :
1. -The t r i t i u m -b r e e d i n g r a t i o , T , d e c r e a s e s by Q.2.5% f o r t h e s o f t spectrum c a s e and i n c r e a s e s by Q 1% f o r . t h e hard spectrqm c a s e ,
2.
The changes i n T r e f l e c t changes i n T T rernalns e s s e n t i a l l y 7 ; 6 u n a f f e c t e d . 'The changes i n T a r e accompanied by a change of l e s s t h a n 7 1% i n t h e number of ( n , 2 n ) r e a c t i o n s and by changes of 2, 1.5% t o 4% i n t h e n e u t r o n l e a k a g e .
The c o n t r i b u t i o n o f t h e 7~i ( n , n f a ) t secondary neutrons t o T i s
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shown i n Table 1 1 which compares T f o r t h e hard spectrum c a s e , t h e 7 r e f e r e n c e c a s e , t h e s o f t spectrum c a s e , and a case i n whi.ch t h e secondary n e u t r o n from t h e " L i ( n , n f a ) t r e a c
t i o n i s s u p p r e s s e d , i n e f f e c t t r e a t i n g 7 t h e ~l ( n , n ' a ) t r e a c t l o n a s an a b s o r p t i o n r e a c t i o n . t t I n t h i s t a b l e t h e p o r t i b n of T due t o secondary n e u t r o n s from t h e ' L i ( n , n f a ) t r e a c t i o n 7 i s d e f i n e d 'as t h e d i f f e r e n c e between t h e T v a l u e f o r t h e given c a s e and
t h e T v a l u e f o r t h e c a s e i n which t h e secondary neutron i s suppressed. 'In p a s s i n g we .note t h a t t h e energy d i s t r i b u t i o n s of t h e secondary
6 n'eutrons from tlle 6 L i ( n , 2 n ) a , t h e ~i ( n , n ' a ) d , the 7~i ( r r , 2 i 1 ) allrl Lhe , 7~i ( n ,2n) a r e a c t i o n s a r e a l s o d e s c r i b e d by evaporation models i n ENDFIB-3.
, .
W e examined th'e s e n s i t i v i t y o f t h e breeding r a t i o t o -+ 50% v a r i a t i o n s i n
O(E) f o r t h e s e r e a c t i o n s a s w e l l a s f o r t h e 7~i ( n , n f a ) t r e a c t i o n . t t~h e a u t h o r s a r e i n d e b t e d t o D r . H. G o l d s t e i n o f Columbia U n i v e r s i t y f o r s u g g e s t i n g t h i s c a s e .
The r e s u l t s of t h i s examination a r e summarized i n Table 1 
. The c r o s s s e c t i o n s f o r t h e r e a c t i o n s considered a r e s m a l l , and t h e r e f o r e , as a n t i c i p a t e d t h e t r i t i u m -b r e e d i n g r a t i o was n o t s e n s i t i v e t o t h e v a r i a t i o n s i n t h e secondary-neutron energy d i s t r i b u t i o n s .
C. S e n s i t i v i t y t o t h e 9 3~b
( n , 2 n ) and 9 3~b ( n , n 1 ) Cross S e c t i o n s
The 9 3~b ( n , 2 n ) c r o s s s e c t i o n e x h i b i t s a t h r e s h o l d a t Q 9 MeV and a t t a i n s a v a l u e of Q 1 . 2 barns a t 1 5 MeV. For t h e r e f e r e n c e c a s e , % 83% of t h e 9 3~b ( n , 2 n ) r e a c t i o n s occur i n t h e t o p energy group (which covers , t h e energy range Q 1 5 MeV -13.5 M~V ) sqnd Q 97% of t h e r e a c t i o n s occur above Q 11 MeV. The 9 3~b ( n , 2 n ) r e a c t i o n produces both neutron y u l t i p l i c a t i o n '
and neutron downscattering, and t h e r e f o r e , enhances t h e L i ( n , a ) t r e a c t i o n a s w e l l a s competes w i t h t h e 7~i ( n , n 1 a ) t r e a c t i o n . The 9 3~b ( n , n 1 ) c r o s s s e c t i o n i s s i g n i f i c a n t ( t h a t i s , o b t a i n s v a l u e s ranging between 1 t o 2
b a r n s ) i n t h e energy range Q 1 5 MeV t o 1 MeV. For t h e r e f e r e n c e c a s e , 1 . 21% o f t h e 9 3~b ( n , n ' ) r e a c t i o p s occur i n t h e t o p energy group, Q 50% of t h e r e a c t i o n s occur above ?. 4..5 MeV, and Q 96% of t h e r e a c t i o n s occur . .
above Q 1 MeV. The 9 3~b ( n , n 1 ) r e a c t i o n i s a downscattering p r o c e s s , and t h e r e f o r e , competes with t h e 7~i ( n ,n 'a) t r e a c t i o n .
The r e f e r e n c e values f o r t h e 9 3~b ( n , 2 n ) c r o s s s e c t i o n were v a r i e d by + 25% over t h e energy range of i n t e r e s t (Q 1 5 t o 9 M~v ) . ,
I n t h e s e -v a r i a t i o n s t h e t o t a l c r o s s s e c t i o n of 9 3~b was a d j u s t e d by t h e amount of t h e changes i n t h e ( n , 2 n ) c r o s s s e c t i o n . The e f f e c t s of t h e s e v a r i a t i o n s
a r e summarized i n Table 1 3 and 1 4 . W e note t h e following p o i n t s w i t h r e g a r d t o t h e r e s u l t s i n t h e s e t a b l e s .
The t r i t i u m -b r e e d i n g r a t i o , T, i s r e l a t i v e l y i n s e n s i t i v e t o t h e v a r i a t i o n s i n t h e 9 3~b ( n ,2n) c r o s s s e c t i o n . These v a r i a t i o n s produced
a change o f Q 0.5% i n T and t h e change w a s i n t h e same d i r e c t i o n as t h e c r o s s -s e c t i o n v a r i a t i o n , e . g . , when t h e 9 3~b ( n , 2 n ) c r o s s s e c t i o n was lowered, T decreased.
The i n s e n s i t i v i t y o f T t o changes i n t h e 9 3~b ( n , 2 n ) c r o s s s e c t i o n
r e s u l t e d from compensating changes i n T and T For example, when t h e 6 7 ' 9 3~b ( n , 2 n ) c r o s s s e c t i o n w a s reduced, T i n c r e a s e d ( r e l a t i v e t o t h e 7 --r e f e r e n c e c a s e ) because o f reduced neutron downscattering competition;
at t h e same t i m e , T d e c r e a s e d because of reduced neutron m u l t i p l i c a t i o n . 6
The changes i n T and T a r e accompanied by an Q 3.5% change i n t h e 6 7 number of niobium a b s o r p t i o n s and by an Q 3% change i n t h e neutron l e a k a g e .
3. Table 1 
shows t h a t f o r t h e c r o s s s e c t i o n r e d u c t i o n T6 i s . lowered i n every r e g i o n w h i l e T i s i n c r e a s e d i n every r e g i o n ( r e l a t i v e 7 t o t h e r e f e r e n c e c a s e ) ; t h e converse 1s t r u e f o r t h e c r o s s s e c t i o n
i n c r e a s e .
~i l e r e f e r e n c e v a l u e s for t h e 9 3~b ( n , n 1 ) c r o s s s e c t i o n were v a r i e d by -+ 25% over t h e e n t i r e energy range o f i n t e r e s t (Q 1 5 MeV t o 0.03 M~V )
. Tables 1 5 and 16 . W e n o t e t h e f o l l o w i n g p o i n t s w i t h r e g a r d t o t h e r e s u l t s i n t h e s e t a b l e s :
I n t h e s e v a r i a t i o n s t h e t o t a l c r o s s s e c t i o n of 9 3~b was a d j u s t e d by t h e amount of' t h e changes i n t h e ( n , n t ) c r o s s s e c t i o n . The e f f e c t s of t h e s e v a r i a t i o n s a r e summarized i n
The t r i t i u m -b r e e d i n g r a t i o , T , i n c r e a s e d by ?. 2% f o r t h e c r o s s s e c t i o n r e d u c t i o n and decreased by Q 2% f o r t h e c r o s s s e c t i o n i n c r e a s e .
2. The changes i n T a r e due t o a s m a l l change i n T6 and a l a r g e change i n T For example, f o r t h e c r o s s s e c t i o n r e d u c t i o n T i n c r e a s e d
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by 2, 6% ( r e l a t i v e t o t h e r e f e r e n c e c a s e ) because o f reduced neutron downscattering competition and T i n c r e a s e d by 2, 0.4% because o f i n c r e a s e d 6 neutron m u l t i p l i c a t i o n .
3. Table 1 6 shows t h a t T i n c r e a s e s i n every r e g i o n f o r t h e c r o s s 7 s e c t i o n r e d u c t i o n and decreases i n every r e g i n n f o r t h e c r o s s s e c t i o n i n c r e a s e . On t h e o t h e r hand, T e x h i b i t s a s t r o n g s p a t i a l e f f e c t . 6
For example, f o r t h e c r o s s s e c t i o n r e d u c t i o n T d e c r e a s e s i n t h e i n n e r 6 r e g i o n s ( r e g i o n s 4 and 6 ) , b u t i n c r e a s e s i n t h e o u t e r r e g i o n s ( r e g i o n s 7 , 8, and 1 0 ) r e l a t i v e t o t h e r e f e r e n c e c a s e . T h i s behavior i s due both t o t r a n s p o r t and slowing down e f f e c t s i n t h e niobium-containing regions and t o moderating e f f e c t s i n t h e g r a p h i t e r e g i o n .
I n t h e preceding a n a l y s i s we n e g l e c t e d p o s s i b l e c o r r e l a t i o n between u n c e r t a i n t i e s i n t h e 9 3~b ( n ,2n) and 9 3~b ( n , n l ) c r o s s s e c t i o n s . I n ENDF/B-3 t h e niobium i n e l a s t i c c r o s s s e c t i o n f o r e n e r g i e s above 2.5 MeV i s o b t a i n e d by s u b t r a c t i n g o t h e r n o n -e l a s t i c c r o s s s e c t i o n s from t h e t o t a l n o n -e l a s t i c c r o s s s e c t i o n s . According t o t h i s procedure an i n c r e a s e i n t h e 9 3~b ( n , 2 n ) c r o s s s e c t i o n should be accompanied by a r e d u c t i o n i n t h e 9 3~b ( n , n 1 ) c r o s s s e c t i o n ; t h e converse would apply f o r a decrease i n t h e ( n , 2 n ) c r o s s s e c t i o n From t h e s t a n d p o i n t of t h e t r i t i u m -b r e e d i n g r a t i o , t h e most d e l e t e r i o u s c o r r e l a t i o n i n t h i s s t u d y w o i~l d r~s~l l t , from a 25% r e d u c t i o n i n t h e 9 3~b ( n , i ? n ) c r o s s s e c t i o n w i t h a corresponding i n c r e a s c i n t h e 9 3~b ( n , n 1 )
c r o s s s e c t i o n ( s u c h t h a t t h e t o t a l n o n -e l a s t i c c r o s s s e c t i o n remains unchanged).
For t h i s c a s e T would be 2, 3% lower t h a n f o r t h e r e f e r e n c e c a s e . I V .
CONCLUDING REMARKS W e have examined t h e c r o s s -s e c t i o n s e n s i t i v i t y o f t h e t r i t i u m -b r e e d i n g
r a t i o i n c a..fu.sion r e a c t o r b l a n k e t model which i s r e p r e s e n t a t i v e of a ' l a r g e c l a s s of b l a n k e t c o n f i g u r a t i o n s under c u r r e n t i n v e s t i g a t i o n . The
c a l c u l a t e d s e n s i t i v i t y o f t h e breeding r a t i o t o e s t i m a t e s of t h e
, u n C e r t a i n t i ' e s i n c r o s s s e c t i o n s of 6 L i , 7~i , and 9 3~b i s summarized i n T a b l e 17.. We n o t e t h e .following o b s e r v a t i o n s with r e g a r d t o t h e r e s u l t s o f t h i s s t u d y . 
W e emphasize t h a t t h i s o b s e r v a t i o n a p p l i e s t o t h e c l a s s of b l a n k e t c o n f i g u r a t i o n s . c o n s i d e r e d h e r e and t h a t o t h e r c l a s s e s must be examined
t o determine t h e g e n e r a l i t y o f . t h e o b s e r v a t i o n .
' 2. Urlcertalntles I n t h e c r o s s s e c t i o l l and secondary-neutron energy d i s t r i b u t i o n of t h e 7~i ( n , n l a ) t r e a c t i o n a t t a c h u n c e r t a i n t i e s i n excess of 5% t o t h e t r i t i u m -b r e e d i n g r a t i o . A r e -e v a l u a t i o n of t h e r e l e v a n t d a t a , i n t h e energy range above Q 1 0 MeV might provide a s m a l l e r u n c e r t a i n t y , and we recommend t h a t such a re-evalua.tinn he i~n d~r % . a . k~n .
Addit ionab measurements may be r e q u i r e d t o reduce t h e u n c e r t a i n t y i n . t h e t r i t i u mb r e e d i n g r a t i o t o t h e o r d e r o f 1 t o 2%.
3. . C o r r e l a t i o n between u n c e r t a i n t i e s i n t h e ( n , 2 n ) and ( n , n ' ) c r o s s s e c t i o n s of 9 3~b a t t a c h u n c e r t a i n t i e s o f 'L 3% t o t h e t r i t i u m -b r e e d i n g r a t i o . New e x p e r i m e n t a l d a t a on t h e 9 3~h ( n ,~n ) c r o s s s e c t i o n a r e a v a i l a b l e (12 '13) and an e v a l u a t
i o n of t h i s d a t a might i n d i c a t e t h a t t h e v a r i a t i o n s . . a d o p t e d h e r e were t o o c o n s e r v a t i v e . W e recommend t h a t such
an e v a l u a t i o n be undertaken. 
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F i g . 1. C o n f i g u r a t i o n o f t h e B l a n k e t Model 'used i n t h i s Study. T a b l e 4. E f f e c t s of V a r i a t i o n s i n t h e 6 ~i ( n ,a) t Cross S e c t i o n s * .
Reaction Low P a t t e r n Reference Case High P a t t e r n F r a c t i o n a l Change i n T .P
T o t a l ( n , 2 n )
Niobium Absorptions **
T o t a l P a r a s i t i c Absorptions
Neutron Leakage G r a p h i t e E l a s t i c S c a t t e r i n g * Basis: one f u s i o n n e u t r o n .
'~e l a t i v e t o t h e v a l u e f o r t h e r e f e r e n c e base.
**
I n c l u d e s niobium a b s o r p t i o n s .
6 Table 5 . Effect' of V a r i a t i o n s i n t h e ~i ( n , a ) t Cross S e c t i o n s :
T r i t i u m Breeding R a t i o s i n ~i t h i u m -6 by Energy Range Low P a t t e r n Reference Case High P a t t e r n f R e l a t i v e t o t h e v a l u e f o r t h e r e f e r e n c e c a s e .
'
T a b l e 6 . E f f e c t s of V a r i a t i o n s i r -t h e ~i ( n , a ) t Cross Secti.3ns:
Tritium-Breeding R a t i o s by Region Low P a t t e r n Table 7 . E f f e c t s of V a r i a t i o n s i n t h e "~i ( n , n l a ) t Cross S e c t i o n s
. .
--- '~e l a t i v e t o t h e v a l u e f o r t h e r e f e r e n c e c a s e .
* *
I n c l u d e s niobium a b s o r p t i o n s . Table 8 . Sffeects 3f v a r i a t i o n s i n t h e 7~i ( n , n ' a ) t Cross S e c t i o n : Table 9 . p r o b a b i l i t y t h a t t h e Secondary Neutron 'I From t h e ~i ( n , n ' a ) t Reaction W i l l Have an El i s ' t h e energy of t h e secondary neutron.
E i s t h e e n e r a o f +,he i n c i d e n t neutron.
. , Table 1 0 . E f f e c t s of V a r i a t i o n s i n t h e '~i ( n , n ' a ) t " '~e l a t i v e t o ' t h e v a l u e f o r . t h e r e f e r e n c e c a s e . 7 Table 11 . The C o n t r i b u t i o n of t h e ~i ( n , n ' a ) t 
Secondary-Xeutron
O ( E ) I n c~e a s e d
O(E) Decreased Table 13 . E f f e c t s of V a r i a t i o n s i n t h e 9 3~b ( n , 2 n ) Cross S e c t i o n --- ' '~e l a t i v e t o t h e value f o r t h e r e f e r e n c e c a s e . Table 1 L . E f f e c t s of V a r i a t i o n s i l t h e 9 3~b ( n , 2 n ) Cross Sect50ns :
T r i t i u s n Bree,3ing Ratios By Region Table 1 5 . E f f e c t s of V a r i a t i o n s i n t h e 9 3~b ( n , n 1 ) Cross S e c t i o n s '~e l a t i v e t o t h e v a l u e f o r t h e r e f e r e n c e c a s e .
**
Includes niobium a b s o r p t i o n s , Table 16 . Zffe2t.s of V a r i a t i o n s i n t h e 93~b(n,n1) Cross S e c t i o n s : '
T r i t i u m Ereeding Ratios by Region
Cross S e c t i o c Relfuced (-.15$)
Reference Case C r x s S e c t i o n '~n c r e a s e d (+25%) 
